Background: Malfunctions in the ubiquitin-proteasome system cause accumulation of non-functional, potentially toxic protein aggregates. Results: The protein aggregates activate Nrf2 and are then excluded by autophagy in vivo. Conclusion: Both Nrf2 and autophagy serve as in vivo cellular adaptations to impaired proteasome. Significance: Cells contain networks of cellular defense mechanisms against defective proteostasis.
The 26S proteasome, in collaboration with the sophisticated ubiquitination system used for selection of target proteins, is responsible for degrading unnecessary or damaged proteins.
Malfunctions in this pathway cause accumulation of non-functional, potentially toxic protein aggregates (1) (2) (3) . The macroautophagy (hereafter referred to as autophagy) system serves as a supplier of molecular building blocks under starved conditions and also contributes to cellular renovation during cell differentiation (4, 5) . Defects in this process can cause amino acid insufficiency, which impairs protein synthesis during adaptation to starvation, as well as energy production essential for cell survival and development (4, 5) . Even under nutrient-rich conditions, autophagy occurs constitutively at low levels to mediate global turnover of cytoplasmic materials (6, 7) .
Dysfunctions of autophagy coupled to the ubiquitin system have been directly linked to human conditions such as Parkinson disease and inflammatory disorders. Autophagy contributes to selective removal of aggregated proteins (aggrephagy), unnecessary or damaged mitochondria (mitophagy), and invading bacteria (xenophagy); these processes are usually mediated by ubiquitin signaling (8 -10) . When the ubiquitinproteasome system is impaired due to accumulation of certain aggregation-prone proteins related to neurodegenerative disease, autophagy is responsible for eliminating ubiquitin-positive protein aggregates (11) (12) (13) . In response to loss of mitochondrial membrane potential, the E3 ligase Parkin translocates to damaged mitochondria in a PINK1-dependent manner; once it is localized to mitochondria, it ubiquitinates outer membrane proteins, thereby inducing mitophagy (14, 15) . Parkinson disease-related mutations of Parkin and PINK1 prevent induction of mitophagy, resulting in persistence of damaged mitochondria, which may play a role in the pathogenesis of Parkinson disease (14, 15) . Invading bacteria in the cytosol and/or ruptured endosomal membranes are ubiquitinated by E3s, including Parkin (16) and LRSAM1 (17) , which mediates autophagic sequestration of microbes to restrict their growth. Ubiquitin-and LC3-binding adaptor proteins, includ-ing p62/Sqstm1 (hereafter referred to as p62) (18) , neighbor of BRCA1 gene 1 (Nbr1) 2 (19) , NDP52 (20) , and optineurin (21) , are translocated to these ubiquitinated cargos; this process is assumed to mediate sequestration of ubiquitinated cargos into autophagosomes. Among them, p62 and Nbr1 have been identified as major components of many types of aggregates or inclusions observed in various human diseases, including neurodegenerative diseases, liver disorders, and hepatocellular carcinomas (19, 22) . But significance of such adaptor proteins on the aggregates, particularly in vivo, remains unclear.
The Keap1-Nrf2 pathway, one of the major cellular defense mechanisms against oxidative and electrophilic stresses (23, 24) , is activated during selective autophagy (25) (26) (27) (28) . Under normal conditions, the transcription factor Nrf2 (nuclear factor erythroid 2-related factor 2) is constitutively degraded through the ubiquitin-proteasome pathway; its binding partner, Keap1 (kelch-like ECH-associated protein 1), is an adaptor of the ubiquitin ligase complex that targets Nrf2. Exposure to electrophiles, reactive oxygen species, and nitric oxide instigates modification of the cysteine residues of Keap1, leading to its inactivation. As a result, Nrf2 is stabilized, and it subsequently translocates to the nucleus to induce the transcription of numerous cytoprotective genes through heterodimerization with small Maf proteins (23, 24) . p62 also regulates the Keap1- 2 The abbreviations used are: Nbr1, neighbor of BRCA1 gene 1; Keap1, kelchlike ECH-associated protein 1; Nqo1, NAD(P)H dehydrogenase quinone 1; Nrf2, nuclear factor erythroid 2-related factor 2; P, postnatal day. 
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Actin Nrf2 pathway via a noncanonical mechanism (25) (26) (27) (28) . Under conditions of selective autophagy, Ser 403 of the ubiquitin-associated domain of p62 is initially phosphorylated by casein kinase 2 or TANK-binding kinase 1, which promotes the translocation of p62 to cargos positive for ubiquitin (29, 30 
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Atg7 f/f ;Alb phorylated, followed by sequestration of Keap1 on the cargos. As a result, Nrf2 is stabilized; as in the canonical pathway, it then translocates into the nucleus to induce its cytoprotective target genes (25, 26) . The ubiquitinated autophagic cargos, together with phosphorylated p62 and the Keap1 complex, are degraded by autophagy, leading to elimination of cytotoxic components (27) . However, the physiological role of the coupling between the Keap1-Nrf2 system and selective autophagy in vivo has been not yet determined. In this study, we developed genetically modified mice with decreased 26S proteasome activity, which accumulate aggregate structures positive for both ubiquitin and p62 in their cells, and found that proteasome-dysfunction activates selective autophagy and the Keap1-Nrf2 pathway, both of which serve as cellular defense mechanisms.
EXPERIMENTAL PROCEDURES
Mice-Rpt2 flox/flox mice (31) were cross-bred with albumin-Cre transgenic mice (32) to generate Rpt2 flox/flox ;Alb-Cre mice. Atg7 flox/flox , p62 flox/flox , and the Nrf2-knock-out mice used in this study were described previously (33) (34) (35) . Mice were housed in specific pathogen-free facilities, and the Ethics Review Committee for Animal Experimentation of the Tokyo Metropolitan Institute of Medical Science approved the experimental protocols.
Immunoblot Analysis-Immunoblots were carried out as described previously (26) . Antibodies against p62 (Progen Biotechnik, GP62-C), ubiquitin (Santa Cruz Biotechnology, Inc., P4D1), Keap1 (Proteintech Group, Inc.), Nqo1 (Abcam, Inc.), Nrf2 (Santa Cruz Biotechnology, Inc., H-300), LC3B (Cell Signaling Technology, catalog no. 2775), Nbr1 (ProteinExpress Co., Ltd.), GFP (Invitrogen), actin (Chemicon Intl., Inc., MAB1501R), and lamin B (Santa Cruz Biotechnology, Inc., M-20) were purchased from the indicated suppliers. Antiphosphorylated p62 polyclonal antibody was raised in rabbits using the peptide CysϩKEVDP(pS)TGELQSL as an antigen (26) . The rabbit polyclonal antibodies against Atg7 and Rpt2 were described previously (36, 37) .
Assay of Proteasome Activity-Peptidase activity was measured using a fluorescent peptide substrate, succinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin (Suc-LLVY-MCA), as described previously (38) .
Histological Examination-Fixation and embedding procedures for immunohistochemistry were described previously (39) . Briefly, mouse livers were quickly excised, cut into small pieces, and then fixed by immersion in 4% paraformaldehyde/4% sucrose in 0.1 M phosphate buffer, pH 7.4 (PB). After rinsing, samples were embedded in paraffin (for H&E staining), or in OCT compound (for immunofluorescence). For immunofluorescence microscopy, sections were blocked and then incu-bated for 2-3 days at 4°C with the following primary antibodies: guinea pig polyclonal antibody against p62 (Progen), rabbit polyclonal antibody against ubiquitin (DAKO), or rabbit polyclonal antibody against Keap1 (Proteintech Group). Immunofluorescence images were taken with an FV1000 laser scanning confocal microscope equipped with a UPlanSApo 40ϫ numerical aperture 1.3 oil objective lens (Olympus). After image acquisition, contrast and brightness were adjusted using Photoshop CS4.
Electron Microscopy and Immunoelectron Microscopy-For conventional electron microscopy, livers were excised and fixed by immersion in 0.1 M PB containing 2% paraformaldehyde and 2% glutaraldehyde. Fixed samples were post-fixed with 1% OsO 4 , embedded in Epon812, and sectioned. Immunoelectron microscopy was carried out on ultrathin cryosections, as described previously (39) . In brief, livers were fixed by cardiac perfusion with 0.1 M PB containing 4% paraformaldehyde and 4% sucrose and then frozen in PB with 2.3 M sucrose and 20% polyvinylpyrrolidone. Ultrathin sections were mounted on Formvar carbon-coated nickel grids, blocked with 1% bovine serum albumin in PBS, incubated with anti-ubiquitin (DAKO) and anti-p62 (Progen) antibodies, and then incubated with colloidal gold-conjugated secondary antibodies.
Quantitative Real-time PCR-Using the Transcriptor First-Strand cDNA Synthesis Kit (Roche Applied Science), cDNA was synthesized from 1 g of total RNA. Quantitative PCR was performed using LightCycler 480 Probes Master mix (Roche Applied Science) on a LightCycler 480 (Roche Applied Science). Signals were normalized against that of ␤-glucuronidase (Gus). The sequences of the primers used were as follows: Nqo1 (left), AGCGTTCGGTATTACGATCC; Nqo1 (right), AGTACAA-TCAGGGCTCTTCTCG.
Statistical analysis-Values, including those displayed in the graphs, are means Ϯ S.E. Statistical analysis was performed using the unpaired t test (Welch test). p values less than 0.05 denoted statistical significance.
RESULTS
Generation of Mice with Decreased Proteasome Activity-To
investigate aggrephagy in vivo, we crossbred mice bearing a conditional knock-out of Rpt2, one of six ATPases of the 19S regulatory particle of the 26S proteasome (Rpt2 flox/flox ) (31), with albumin-Cre (Alb-Cre) transgenic mice (32) . The Rpt2 flox/flox ;Alb-Cre (Rpt2 f/f ;Alb) mice were viable at birth and indistinguishable in appearance from their littermates. In Rpt2 f/f ;Alb mice, levels of Rpt2 protein in the liver started to decrease at postnatal day (P)30 and recovered at P40 (Fig. 1A) ; ubiquitinated proteins accumulated significantly in the liver at P30 (Fig. 1A) . The chymotryptic activities of the 26S and 20S proteasomes (measured using Suc-LLVY-MCA as a substrate) in extracts from Rpt2 f/f ;Alb livers at P20 were comparable with those in age-matched control livers (Fig. 1B) . The activity of the 26S proteasome decreased dramatically at P30 and recovered at P40, whereas the activity of the 20S proteasome increased at P30 only ( Fig. 1B) . Consistent with these kinetics, growth retardation was observed as early as at P30 (Fig. 1C) . ;Alb ratio of liver weight to body weight was similar among genotypes even at P30 ( Fig. 1D ), decreased proteasome activity in Rpt2 f/f ;Alb livers was accompanied by signs of hepatic degeneration such as the presence of hypertrophic cells, dead cells, small regenerating cells, and inflammatory cells, as revealed by hematoxylin and eosin (H&E) staining ( Fig. 1E ) and by hepatocytic damage, as revealed by leakage of liver enzymes (Fig. 1F ). The recovery of Rpt2 at P40 in the livers of Rpt2 f/f ;Alb mice might be attributed to rapid hepatocytic death due to impairment of proteasome activity, followed by compensatory regeneration of hepatocytes from oval cells, which express low levels of albumin (40) . Collectively, these data indicate that at P30, Rpt2 f/f ;Alb mice exhibit liver injury accompanied by reduced proteasome activity in the liver. Characterization of Ubiquitinated Aggregates in Rpt2 f/f ;Alb Livers-Immunoblot analysis revealed elevated levels of both soluble and insoluble ubiquitinated proteins in the livers of Rpt2 f/f ;Alb mice ( Fig. 2A ). The level of insoluble ubiquitinated proteins was significantly higher in Rpt2 f/f ;Alb than in Atg7 flox/flox ;Alb-Cre (Atg7 f/f ;Alb) livers, in which autophagy is impaired ( Fig. 2A) (33) . We also observed significant accumulation of p62 protein in both detergent-soluble and -insoluble fractions from Rpt2 f/f ;Alb livers, albeit less than in Atg7 f/f ;Alb liver fractions ( Fig. 2A) . Consistent with these biochemical data, immunofluorescence analysis revealed co-localization of ubiquitin and p62 on large pleomorphic aggregated structures and small punctate structures in Rpt2 f/f ;Alb hepatocytes (Fig.  2B) . As in a previous study (33) , aggregates observed in Atg7 f/f ; Alb hepatocytes were also positive for ubiquitin and p62 (Fig.  2B) . Electron microscopy revealed that Rpt2 f/f ;Alb hepatocytes contained large pleomorphic structures mainly consisting of electron-lucent areas and scattered patchy electron-dense areas; this pattern appeared to be formed by the clustering of fibrillar elements (Fig. 2C) . These features were distinct from the large circular or elliptical structures often observed in Atg7 f/f ;Alb hepatocytes (Fig. 2C ). By double-immunoelectron microscopy, we confirmed the co-localization of p62 and ubiquitin in the cytoplasmic aggregated structures in Rpt2 f/f ;Alb hepatocytes ( Fig. 2D ). Colloidal gold particles representing ubiquitin were distributed in highly electron-dense areas, whereas particles representing p62 were distributed in areas of both high and low electron density.
Induction of Aggrephagy in Rpt2 f/f ;Alb Livers-We next examined autophagic flux in livers of Rpt2 f/f ;Alb mice. Intraperitoneal (i.p.) injection of leupeptin, a lysosomal cysteine proteinase inhibitor, resulted in elevation of LC3-II (an indicator of autophagic flux) (41) in livers of both control and Rpt2 f/f ;Alb mice, although the effect was smaller in the mutants (Fig. 3A) . The levels of ubiquitinated proteins and p62 in mutant livers further increased upon intraperitoneal injection of leupeptin, but this effect was not observed in control livers (Fig. 3A) . Phos-phorylation of p62 at Ser 351 , which signifies induction of selective autophagy (26) , increased only in the intraperitoneally injected mutant livers (Fig. 3A) , implying increased selective autophagy of aggregate structures (aggrephagy). Indeed, immunofluorescence analysis revealed that LC3/ubiquitin doublepositive structures were frequently observed in leupeptintreated Rpt2 f/f ;Alb mice (8.23%), whereas they could barely be detected in leupeptin-treated control hepatocytes (2.68%) (Fig.  3B ). Furthermore, we confirmed by electron microscopy that autophagosomes in the mutant hepatocytes occasionally (arrowheads; 7/46, 15.2%) contained aggregate-like amorphous structures, whereas those in control hepatocytes did not (0/64; 0%) ( Fig. 3C) .
Exacerbation of Liver Pathology in Rpt2 f/f ;Alb Mice by Suppression of Autophagy-Next, to clarify the physiological significance of autophagy induced in Rpt2 f/f ;Alb liver, we generated hepatocyte-specific Rpt2 and Atg7 double-knock-out mice (Rpt2 f/f ;Atg7 f/f ;Alb). Concomitant loss of Atg7 in Rpt2 f/f ;Alb mice resulted in dramatic accumulation of soluble and insoluble p62 (Fig. 4A ), supporting the evidence p62 is a selective substrate for autophagy (18, 33) and gene expression of p62 is induced by impairment of autophagy (25) . Meanwhile, ubiquitinated proteins were present in detergent-soluble and -insoluble fractions of Rpt2 f/f ;Atg7 f/f ;Alb livers to a similar extent in those of Rpt2 f/f ;Alb livers (Fig. 4A ). This observation might be attributed to more severe hepatic damage in the double-mutant livers (see below). In the absence of Atg7, the large pleomorphic aggregates positive for ubiquitin and p62 observed in Rpt2 f/f ; Alb hepatocytes became small, round, and scattered throughout the cytoplasm (Fig. 4, B and C) , similar to structures observed in autophagy-deficient livers (Figs. 2B and 4B ). In addition, liver damage due to impaired proteasome activity was more severe than in Atg7 f/f ;Alb mice, and the damage was exacerbated by simultaneous loss of Atg7. The growth delay in Rpt2 f/f ;Atg7 f/f ;Alb mice was more severe than in Rpt2 f/f ;Alb or Atg7 f/f ;Alb mice (Fig. 4D ). Furthermore, we observed hepatomegaly accompanied by cellular hypertrophy and degeneration, both typical phenotypes of autophagy-deficient livers (33) , in hepatocytes of Rpt2 f/f ;Atg7 f/f ;Alb mice (Fig. 4, E and F) . The Rpt2 f/f ;Atg7 f/f ;Alb mice exhibited higher serum levels of aspartate aminotransferase, alanine aminotransferase, and alkaline phosphatase than single Atg7-or Rpt2-knock-out mice (Fig.  4G) .
Feedback Activation of the Keap1-Nrf2 Pathway when the Proteasome Is Impaired-We postulated that under proteasome-defective conditions, the Keap1-Nrf2 pathway should be activated in a p62 phosphorylation-dependent manner. In fact, we observed accumulation of not only p62, but also its Ser 351phosphorylated form, in Rpt2 f/f ;Alb livers ( Figs. 2A and 5A) . A significant proportion of Ser 351 -phosphorylated p62 was recovered in the detergent-insoluble fraction ( Figs. 2A and 5A) , and FIGURE 3. Autophagic degradation of ubiquitin-positive aggregates accumulated due to impaired proteasome activity. A, mice of the indicated genotypes were subjected to intraperitoneal injection of leupeptin at P30. One hour after the injection, liver homogenates were prepared and subjected to immunoblotting with the indicated antibodies. Data were obtained from three independent experiments. A graph indicates quantitative densitometry of immunoblotting data (n ϭ 3) and the ratios of insoluble (Insol.) ubiquitinated proteins relative to that of dimethyl sulfoxide (DMSO)-treated control mice. B, liver cryosections from mice of the indicated genotypes treated as described in A were double-immunostained with LC3 (red in the merged image) and ubiquitin (green in the merged image) antibodies. The boxed region is magnified and shown in the inset. Bars, 10 m. C, electron micrographs of hepatocytes from mice of the indicated genotypes, treated as described in A. Arrowheads, aggregate-like amorphous structures. G, glycogen granules. Bar, 0.2 m. Sol., soluble. 
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Cellular Defense Mechanisms against Impaired Proteasome
Keap1 was also recovered in the detergent-insoluble fraction (Fig. 5A) . At the same time, Nrf2 was stabilized in the mutant livers (Fig. 5A ). Immunofluorescence analysis revealed extensive co-localization of p62 and Keap1 in the same aggregate structures (Fig. 5B) . Consequently, gene expression of the Nrf2 target gene Nqo1 (NAD(P)H dehydrogenase quinone 1) in the livers of Rpt2 f/f ;Alb mice was markedly induced (Fig. 5C ), and we also observed increased levels of Nqo1 protein (Fig. 5A ). As expected, loss of Nrf2 in Rpt2 f/f ;Alb mice suppressed induction of Nrf2 targets (Fig. 5, A and C) . p62 was present at higher levels in Rpt2 flox/flox ;Nrf2 Ϫ/Ϫ ;Alb-Cre (Rpt2 f/f ;Nrf2 Ϫ/Ϫ ;Alb) than in control livers (Fig. 5A) . Therefore, as in Rpt2 f/f ;Alb livers, aggregate structures positive for both p62 and Keap1 were detected in hepatocytes of Rpt2 f/f ;Nrf2 Ϫ/Ϫ ;Alb mice (Fig. 5B) . The double mutant mice exhibited slower growth than Rpt2 f/f ;Alb mice, whereas single knock-out of Nrf2 hardly affected growth, at least at P30 (Fig. 5D ). H&E staining revealed no significant difference between control and Nrf2 single knock-out livers; by contrast, simultaneous loss of Nrf2 and Rpt2 in the liver caused degenerative alterations more severe than those observed in Rpt2 single knock-out livers (Fig. 5E ), and leakage of hepatic enzymes into sera was more severe in double knock-out (Rpt2 f/f ;Nrf2 Ϫ/Ϫ ;Alb) mice than in Rpt2 f/f ;Alb mice (Fig. 5F ).
Role of p62 in Formation of Aggregate-containing Structures in Rpt2 f/f ;Alb
Hepatocytes-To investigate the effect of loss of p62 on aggregate formation, Nrf2 activation and pathology in mice with decreased proteasome activity, we generated hepatocyte-specific Rpt2 and p62 double-knock-out mice (Rpt2 f/f ; p62 f/f ;Alb). The levels of total ubiquitinated proteins in livers of Rpt2 f/f ;p62 f/f ;Alb mice were similar to those in Rpt2 f/f ;Alb livers (Fig. 6A) . The accumulation of insoluble ubiquitinated proteins in Rpt2 f/f ;Alb mice was dramatically suppressed by loss of p62 (Fig. 6A) . Although the number of aggregates was reduced by deletion of p62, we still occasionally detected large pleomorphic aggregates positive for ubiquitin, even in Rpt2 f/f ;p62 f/f ;Alb hepatocytes, by immunofluorescence staining (Fig. 6B) . In electron micrographs, the aggregated structures appeared rather homogeneous, containing less electron-dense areas than those in Rpt2 f/f ;Alb hepatocytes (Fig. 6C ). We speculated that Nrf2activation observed in single Rpt2-deficient livers was abrogated by concomitant loss of p62. The nuclear translocation as well as induction of Nqo1 tended to be inhibited by simultaneous loss of p62, but we did not recognize any significant differences (Fig. 6, A and D) . Rpt2 f/f ;p62 f/f ;Alb pups were born at Mendelian frequency, and their growth was delayed similarly to that of Rpt2 f/f ;Alb mice (Fig. 7A ). Histological analysis revealed degenerated features in Rpt2 f/f ;p62 f/f ;Alb livers similar to those observed in Rpt2-deficient livers, although hepatocytic hyper-trophy tended to be ameliorated (Fig. 7B ). Leakage of hepatic enzymes in Rpt2 f/f ;p62 f/f ;Alb was detected at a level similar to that in single Rpt2 knock-out mice (Fig. 7C ).
DISCUSSION
In this study, we showed that reduced proteasome activity caused formation of aggregate structures positive for ubiquitin and p62 (Fig. 2) and then activated not only aggrephagy but also the Keap1-Nrf2 pathway (Figs. 3 and 5 ). Simultaneous suppression of autophagy in proteasome-suppressed livers induced accumulation of p62; in addition, the large pleomorphic p62and ubiquitin-positive aggregates found in proteasome-suppressed livers became small and round (Fig. 4, B and C) . Meanwhile, additional loss of p62 in hepatocytes with impaired proteasome activity greatly reduced the level of ubiquitin-positive aggregates with altered morphological compositions (Fig.  6, A-C) . Because the fibril-like structures were recognized even in Rpt2/p62 double-deficient hepatocytes (Fig. 6C ), we concluded that cellular levels of p62 determine the morphological characteristics of ubiquitin aggregates but not the primarily formation of fibril-like structures.
What is the physiological significance of p62 on these aggregates? One possibility is that p62 serves a receptor function in aggrephagy; this idea is supported by the observation that ubiquitin aggregates positive for p62 were degraded in an autophagy-dependent manner (Fig. 3) . However, additional loss of Atg7, but not p62, exacerbated the pathology in proteasome-defective liver (Figs. 4 and 7) , suggesting that p62 is not involved in recognition of the aggregates. Although there remains a possibility that Nbr1, whose domain structure is quite similar to that of p62 (8) , compensates the function of p62, simultaneous loss of Nbr1 in p62-deficient livers did not exhibit any accumulation of ubiquitinated proteins in contrast to defective autophagy. 3 Another possibility is that p62 serves as a scaffold for Nrf2 activation. Ser 351 of p62 is phosphorylated on cargos destined for autophagy, such as ubiquitin-positive aggregates, and this phosphorylation is followed by robust Nrf2 activation (26) . Indeed, we observed p62 phosphorylation and subsequent Nrf2 activation in livers with decreased proteasome activity (Fig. 5, A and C) . However, additional loss of Nrf2 (Fig.  5 ), but not of p62 (Fig. 7) , exacerbated the pathological state caused by inhibition of proteasome activity. This discrepancy can be explained by the fact that Nrf2 degradation is dependent on the ubiquitin-proteasome system (23, 24) . In Rpt2/p62 double knock-out livers, reduced proteasome activity could directly activate Nrf2 even in the absence of p62 (Fig. 6, A and D) . In Ubiquitin Merged 
